The formation of convergent mountain belts is invariably accompanied by an increase in gravitational potential energy due to part of the work done by the forces driving convergence. The evolution of potential energy stored in an orogen is dependent on (1) the density structure, (2) the thermal evolution, and (3) the way convergent deformation is partitioned between crust and mantle Iithosphere. It is now well recognized that trus increase in potential energy associated with the mountain building process raises the possibility that significant extension, or collapse, may accompany the relaxation of the forces driving convergence provided the Iithosphere is thermally weakened (e.g., England, 1987) . In trus paper we evaluate the stability of isostatically compensated mountain belts under the assumption that the strength of continental Iithosphere is governed by a combination of frictional sliding and creep processes using the "Brace-Goetze" model for the rheology of the Iithosphere. The reference Iithosphere, defined to be in potential energy and isostatic balance with the ITÙd-ocean ridges, changes with different thermal parameters of the Iithosphere. The instantaneous extensianal strain rate for thermally mature mountain belts is calculated by balancing the horizontal buoyancy force stored in the mountain belts (measured relative to the reference state) with the vertically integrated strength of the Iithosphere for initial strengths spanning the probable natural range. It is shown that horizontal buoyancy forces arising in isostaticaIly balanced mountain belts are sufficiently large to induce the collapse at significant rates (greater than a few times 10-16 s-l) and leading to significant finite extension providing the Moho temperatures exceed about 650-700°C, a condition only likely to be attained if the mantle Iithosphere has not been truckened to the same extent as the overlying crust. Consequently, processes that trun the mantle Iithosphere as a consequence of convergent deformation such as the convective instability of a thickened lower thermal boundary layer greatly increase the possibility of collapse. The calculations presented here suggest that near complete destruction of the mountain system by extensiona1 collapse may be possible if such processes can reduce totallithospheric thickening to less than half the contemporary crus tal thickening (i.e., ft~fc/2, where fI and fe are the Iithospheric and crustal thickening factors).
INTRODUCTION
Topography generated on density interfaces during continental deformation affects the potential energy of the lithosphere and therefore has important implications for the mechanics of orogenic belts [e.g., Artyushkov, 1973; Molnar and Tapponier, 1978; England and McKenzie, 1982] . A number of authors have recently investigated the isostatic and thermal consequences of convergent mountain building with variable mantle lithospheric deformation [e.g., England and Houseman, 1988, 1989; Sonder et al., 1987, Molnar and Lyon-Caen, 1988; Powell, 1990, 1991] . Using various simplifications and approximations concerning the density structure, these studies suggest that the active thinning of mantle lithosphere during convergence as proposed, among others, by M cK enzie [1978] and Houseman et al. [1981] could control the termination of convergent deformation in an orogen and, in some circumstances, induce Copyright 1992 by the American Geophysical Union.
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extensional collapse. The possibility of collapse is clearly depe~dent on a number of factors, of which the most important are undoubtedly the thermal state and density structure of the orogen (which together constrain the potential energy of the orogen) as well as the magnitude of the forces supporting the mountain belt [e.g., Molnar and Tapponier, 1978; England, 1987; Gaudemer et al., 1988] . In the most important contribution to date, England [1987] has investigated the possibility of collapse when the forces driving convergence in mountain belts are relaxed. The main purpose of this paper is to provide a quantitative way to evaluate the possibility of mountain collapse, following relaxation of the compressional driving force for mountain building. The work advances that of England [1987] in as much as we employ a general method for evaluating the potential energy of an orogen that can be used to examine the consequences of lithospheric deformation with explicit consideration of both the crust and the mantle lithos ph ere. In addition, a detailed analytical description of the thermal and isostatic consequences of convergent deformation of the continental lithosphere appropriate to isostatically compensated mountain belts is provided. 14.207 where p(z) is the density at depth z. The change in potential The thermal evolution of mountain belts is a complex energy resulting from deformation can then be represented function of the deformation history and is particularly senas the horizontal buoyancy force per unit length of orogen, sitive to processes that are initiated as a response to deFb, in N m-I, which arises from lateral variations in the ver-formation, for example the erosion induced by the uplift of tical stress contributed by differences in density distribution the deformed and thickened lithosphere. This is in part due with depth between the deformed and the undeformed or to the poor thermal conductivity of rocks and implies that reference lithosphere as discussed below.
only in maturity may mountain belts attain thermal condi-
The magnitude of the horizontal buoyancy force arising---ti~~-; t-hat approach a steady state temperature distribution.
from convergent deformation is essential to understanding Nevertheless, an important constraint on the range of the the mechanics of mountain belts, since it limits the magnithermal conditions likely to be experienced by the mountain tude of crustal thickening and ultimately provides the imbelt is provided by the potential thermal structure defined petus for the potential collapse of mountain belts following as the steady state temperature distribution for any arbirelaxation of the compressional driving forces [e.g., England trary deformation from the reference state [e.g., Houseman, 1988, 1989; Molnar and Lyon-Caen, 1988; and Powell, 1990, 1991] . We note that the potential ther- Sandiford and Powell, 1990] . In its most general form the mal structure is only likely to be a useful approximation horizontal buoyancy force arising as a consequence of an when considering processes affecting the terminal stages of isostatically compensated deformation of a reference lithothe mountain building process, such as the initiation of exsphere is given by tension following relaxation of the compressive driving forces as considered here, particularly in broad orogenic belts [e.g" Gaudemer et al., 1988] .
Under the assumption of steady state thermal conditions and depth and temperature independent thermal conductivity, the temperature profile in the continental lithosphere is dependent on the distribution of heat sources and can be given variously by
The formation of mountain bcIts is invariably associatcd with an incrcasc in gravitational potcntial cncrgy that is crcatcd by part of thc work donc by thc forccs driving thc formation of thc mountain systcm. Thc potcntial cncrgy pcr unit area of a column of matcrial, Pe, abovc a givcn dcpth, =, is givcn by the integral of the vertical stress, (1u, from the Earth's surface to that depth [Mo/nar and Lyon-Caen, 1988 ]: (Ze, Zl, Ho, Do) (f,zl -Zl -h) where Pe (Jeze, f,z/, Ho, feDo) and Pe (ze, ZI, Ho, Do) represent the potential energies of the deformed and reference lithospheres, respectively, Pr (Ze, Zl, Ho, Do) is the vertical stress at the base of the reference lithosphere, Ze is the reference crust thickness, Z/ is the reference lithosphere thickness, fe is the crustal thickening factor defined by the ratio of deformed crustal thickness to the reference crustal thickness, fI is the lithospheric thickening factor defined by the ratio of deformed lithosphere thickness to the reference lithosphere thickness, h is isostatically supported surface elevation contrast between the deformed and reference lithospheres as defined below, and Ho and Do characterize the thermal state of the lithosphere as defined below.
In aider to define the differences in vertical stress contributed by differences in the density distribution between the deformed and reference lithosphere as required in determining the excess potential energy of the deformed lithosphere it is necessary to define the thermal structure of the orogcn. Prcvious workers [c.g., Turcottc, 1983; England, 198ï; England and Houseman, 1989; Sandiford and Powell, 1990 ] have discussed horizontal buoyancy forces under the assumption that the lithosphere has no internal heat source, and hcre we provide a generalized description of buoyancy force and allow both constant and variable heat sources prescnt in the crust. Importantly, we show that the neglect of internal heat sources leads to significant and important discrepencies in the magnitude of the calculated buoyancy forces arising during mountain belt formation.
POTENTIAL THERMAL STRUCTURE OF MOUNTAIN BELTS
(2)
where T. is surface temperature, T, is the temperature at base of lithosphere, k is the thermal conductivity, Do is the characteristic length scale of the internal heat production distribution, and Ho is the surface heat production. Here J~= JI = 1 refers to the reference lithosphere which is in potential energy and isostatic equilibrium with mid-ocean ridges (see below).
In order to evaluate the isostatic adjustment of mountain belts, the density structure of the lithosphere is required.
We assume a thermally stabilized mantle lithosphere and use a simple density distribution with the density in the crust defined by
and in the mantle lithosphere
where pe and pm are the crustal density and mantle density at Tt, respectively, and ae and am are the thermal expansion coefficent of expansion of the crust and mantle, respectively.
Following Turcotte [1983] and Sandiford and Powell [1990] we make the simplifying assumption that ae Pe = am pm. Houseman and England, 1986; Sonder et al., 1987] .
The vertical stress Pr measured from the sea level to depth Zl -E beneath mid-ocean ridges is given by (7) ( 8) and its associated potential energy Pe is given by
+p;g (zl-(E+hw+hb»2 (13) where E is the elevation of the refercnce lithosphere above sea level, pw and Pb are the densitics of watcr a.nd occanic 14.210 ZHOU AND SANDIFORD: MOUNTAIN STABILITY crust, respectively, hw is the depth of the ridge crest beneath sea level, and hb is the thickness of the oceanic crust (note that in calcluating Pemid we neglect the effect of temperature variation with depth on the density structure in the oceanic crust at the ridges and thus Pb can be regarded as the average density of the oceanic crust).
If the reference lithosphere contains no internal heat source, then the vertical stress a.t its base is given by
and its associated potential energy can be expressed as
If the reference lithosphere contains an internal heat source which is uniformly distributed in the crust and no heat source in the mantle, then at thermal equilibrium, 
Once the internal heat production . For example, the strength of olivine Table 2 , with surface heat production Ho = 3.5 x 10-6 W m -3 and an exponentially decreasing heat sowoe distribution with a characteristic length scale Do = 10 km.
deforming by power law creep at 600°C varies by a factor of 10 due to a 10 % uncertainty in the activation energy, Moreover, olivine strength decreases by a factor of 10 between 600°C and 700°C. Figure 2 shows that a uncertainity in ther~al condcutivity of 33%, again within experimental bound leaè, to an uncertainty in Moho temperature of the order of 80°C. In terms of the bulk strength of the lithosphere, a 10% change in the activation energies for creep, or a 100°C change in the Moho temperature, leads to a change in the strength of the lithosphere by a factor of 2 at a given strain rate. These considerations imply that with the current data, the calculation of absolute stresses and strengths is futile. However, the relative changes in strength due to changes in thermal structure may be much more precisely dcfined, thus rendering significance to the evaluation of the mecha.nical consequences of processes which change the thermal structure of the lithosphere,
In the following section we examine the variation in lithosphcric strength due to variation in thermal stucture as- These plausible bounds are provided by the following considerations:
1. The reference lithosphere must be capable of deforming at rates appropriate to the formation of modern mountain belts when subject to the forces that drive deformation. The lower bound on crustal thickening rates in belts such as the Himalayas is a few times 10-2 M yr-
For the parameter range listed in Table 2 and a crustal thickening rate of 10- [1984] and England [1987] 
Horizontal Buoyancy Force (Figures 6, 7, and 8)
Figures 6 and 7 illustrate the horizontal buoyancy forces in fe -fI space assuming potential thermal structure for the heat production distributions given by model 4 (exponential) and modell' (no heat production), respectively.
We note that the two models give rise to significantly different estimates of the magnitude of the buoyancy forces resulting from deformation, particularly at large fI and fe (at fI = fe = 2 the difference in the estimates is 8 x 10 12 N m-I), and the implication is that when considering the force balance operating in thermally mature mountain belts it is important to consider t?e effect of internal heat sources.
The following are some important features: (1) all deformations of the reference lithosphere with fe 2: fI cause an increase in the potential energy stored in the orogen, (2) for a given crustal thickening the magnitude of the potential energy varies with the inverse of the lithosphere thickness, and (3) the natural limit to crustal thickness of about 70 km suggested by observations in modern mountain belts suggests the maximum potential energy excess over and above that of mid-ocean ridges is no greater than 0.8-1.15 x 10 13 N m-I.
As illustrated by Figure 7 e, the horizontal buoyancy force is relatively insensitive to the changes in thermal conductivity. A 33% reduction in the thermal conductivity (from 3 to 2 W m -1 k -I) results in noticable increases of buoyancy forces only at large fe and fI. The maximum difference is about 4 x 10 12 N m-I, equivalent to 57% increase of buoy-
¡, E (km)
1.5 fe Fig. 3 . The fe -ft plane contoured for the isostatically supported surface elevation relative the reference lithosphere. The contours are calculated using equation (8) in which internal heat source varies exponentially with depth. The contour interval is 1 km. The shaded area indicates the region in which instantaneous extensional strain rates greater than~10-2 M yr-1, which may develop as a consequence of the buoyancy forces following relaxation of the forces driving convergence, assuming a rheology governed by the parameter range in Table 2 In general, the lower er is , the lower the bouyancy forces
are. An increase of the thermal expansion coefficient by a factor of 2 results in a maximum 36% increase of potential energy at fe = 2 and fI = t/Jfe' A decrease of the thermal expansion coefficient by a factor of 2 results in a maximum 18% reduction in potential energy at fe = 2 and fI = !/lfe.
which is half of that gained by an increase of the thermal expansion coefficient by a factor of 2. However, for both cases there are negligible changes in buoyancy forces at fe = fI = 2.
Vertically Integrated Strength of the Lithosphere (Figure 9)
Assuming the rheology outlined in the appendix with the parameter range as listed in Table 2 and assuming the po- Sonder and England, 1986; England, 1987] .
Due to the uncertainties of the strength of the lithospheric material, we present models (shown in Figures 9a-ge) based on a range of equivalvent reference strengths of 1 -4 X 10 13 N m-I at compression, consistent with the range in the magnitude of forces during convergence proposed by Turcotte [1983] and England and Houseman [1988, 1989] . Figure 9d illustrates that the effect of a 33% reduction in thermal conductivity is equivalvent to about 7% reduction in activation energy.
In"tantaneou" Exten"ional Strain Rate (Figures 10 and 11)
Based on the range of the integrated strengths discussed above, several results are presented to illustrate the possibil-
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/ /sl/ I.ll.. buoyancy force assunùng the potential thennal structure appropriate to no internal heat source (i.e, the linear geotherm given by equation (3» for the reference lithosphere model4 in Table 1 . The contour interval is 1 x 10 12 N m-I.
ity of moutain extension. Figures 10a-10d show the instantaneous extensional strain rate that would result from the application of the extensional buoyancy force, as shown in
Figures 6 and 7e, to the potential thermal structure, as for example, illustrated by the potential Moho temperature in Figure 5 . This situation would apply to a thermally mature mountain system with the relaxation of the forces driving convergence and thus these figures can be used to evaluate the potential stability of mountain systems to collapse. We note that geologically significant strain rates during collapse (that is greater than about 10-2 M yr-l ) will be generated providing the configuration of the lithosphere is governed by fI < fe -0.5 for any fe from 1 to 2 for all models. Of particular interest is the striking correspondence between the the calculated ex tensional strain rates and the potential Moho temperatures ( Figure 5 ) with geologically significant extensional strain rates only developing for potential Moho temperatures higher than approximately 650 -700°C for the range of initial strengths considered here.
One advantage of the fe -fI parameterisation is that the deformation-denudation paths for orogens, or at least parts thereof, can be mapped onto the fe-fI plane [e.g., Sandiford and Powell, 1990] as shown in Figure 11 . The mechanical calculations presented above suggest that extensional de- (model 4 -model 1')
fe Fig. 7h , The fe -fi plane contoured for the difference of induced horizontal buoyancy forces between two models (one is with internal heat source, i.e., model4 in Table 1 , the other (modell') is without internal heat source), The contour interval is 1 x 10 12 N m-l. extensional strength of lithosphere calulated using lOO-m interval for numerical integration over the lithosphere, assuming the potential thermal structure as given by equation (5), and a strain rate of 10-2 M yr-1 (=3.16 x 10-16 s-I). The contour interval is 2 x 10 12 N m-I. The result is given by a reduction (19%) of the activation energy listed in Table 2 . This is equivalent to compressional strength of 1 x 10 13 N m-I in the initj¡iJ.reference state (JI = fe = 1). nudation of thermally mature mountain belts following the relaxation of the forces driving convergence is only likely to be significant if the Moho temperatures exceed about 650-700°C. For the thermal properties considered here, such a situation is only likely to pertain for fI < fe as may occur in response to a convective instability of the lower thermal boundary layer. For deformation geometries in which fi = fe, significant denudation by extension is unlikely, and the denudation regime should therefore be dominated by erosion (upper dashed arrow in Figure 11 ). If fI < 0.5 x fe and the potential thermal structure is approached, then almost complete denudation by extension may be possible (lower solid arrow in Figure 11 ).
DISCUSSSION
Following the study of Hou$eman et al. [1981] which examined the initiation of convective instability in a thick- Figure 9a , except that the vertically integrated strength is given by a reduction (8%) of the activation energy listed in Table 2 . Tills is equivalent to compressional strength of 2.5 x 10 13 N m-I in the initial reference state (fI = fe = 1).
of mountain belts (among many others, see England and Hou$eman, [1988, 1989] ; Molnar and Lyon-Caen, [1988] ; Sandiford and Powell, (1990) ). Our intention has not been to further delve into the nature and timing of such processes, contraints on which are now needed from the geological record. Rather our intention has been to investigate, in a more rigourous fashion than previously attempted, the basic physical consequences of the general class of processes that affect the force balance operating in isostatically compensated mountain belts, using a simple parameterization of the deformation, namely, the fe -fI parameterization.
The numerical investigations presented in this paper certainly corroborate the notion that the stability of isostati- Figure 9a , except that the vertically integrated strength is given by no reduction of the activation energy listed in Table 2 , Tills is equivalent to compressional strength of 4 x 10 13 N m-I in the initial reference state (JI = fe = 1).
In ( England and Houseman [1989] and Sandiford and Powell [1990] , among others. As indicated earlier, these workers have assumed a linear geotherm in calculating of the change in potential energy associated with mantle lithospheric thinning, and as illustrated in Figure 7 a the maximum increase rate of a mountain belt undergoing extension in repsonse to the relaxation of the forces driving convergence. Contours are for In(i) in units of s-l. The instantaneous strain rate is calculated numerically by equating the buoyancy force ( Figure 6 ) with the vertically integrated strength (Figure 91l ) "-Ssuming the potential thermal structure given by equation (5) and a reference lithosphere givén by model" in Table 1 . The~haded Mea indicates the region in which the extensional strain rlltes are greater than 10-2 M yr-I, For example, Figure 6 , appropriate to a thermally mature mountain belt, shows that the increase in potential energy associated with internal heat source is less than 2 x 10 12 N m-I at fe == 2 when a complete detachment of a previously thickened mantle lithosphere occurs. Under these circumstances it seems unlikely that thinning of a previously thickened mantle lithosphere can lead to significant extension without an associated reduction in the forces driving convergence.
In agreement with previous studies [Sonder et al., 1987; England and Houseman, 1988, 1989] , we have shown that the stability of mountain belts is critically dependent on the thermal state and rheological parameters of the lithosphere.
Although the vertically integrated strength is more robust than the shear strength within the lithosphere, it should be pointed that the study presented here only presents a limiting case of the complex system in mountain belts, because the results are more or less based on our limited understanding of the thermal structure and mechanical strength of the lithosphere.
ApPENDIX: INTEGRATED MECHANICAL STRENGTH OF THE LITHOSPHERE
In this paper we adopt a rheological model for the lithosphere following the work of Brace and K ohlstedt [1980] which we term the "Brace-Goetze" lithosphere.
At low temperature and high strain rate, the failure mechanism in the upper crust is modelled as frictional sliding according to Byerlee's law [Byerlee, 1968; Brace and Kohlstedt, 1980] :
where T., 0'0, µ, O'n, and~are, the shear stress, the cohesion, the coefficient of friction, normal stress on the failure~lane and the ratio of fluid pore pressure to the normal stress, 
where A p is a material constant, n is the power law exponent, Qp is the activation energy, R is the gas constant, i is the strain rate, and T is material temperature, or Table 2 the transition temperature (for compression) ranges from 670 to 780°C for ¿ in the range 10-17 -10- 
